Recent studies of heavy ion fragmentation led to the conjecture that the hot and dense compound nuclei formed in the reaction do not decay into just any possible mass partition, but that some decay channels tend to be selected during breakup. We verify this conjecture by means of an extensive analysis of several distributions of decay probabilities. This simplifies the study of nuclear fragmentation tremendously.
Recent experiments ͓1-5͔ provide detailed information about the fragmentation of heavy ions at beam energies in the tens of MeV/nucleon. Some of these experiments ͓3-5͔ identified a characteristic relationship between the number of fragments produced and the energy available for the disassembly. In understanding this relationship, Aranda et al. ͓6͔ conjectured that it was due to the existence of preferred decay channels.
This work studies the conjecture of Ref. ͓6͔, namely , that excited systems prefer to decay not by accessing all of the available decay channels, but only a few selected ones ͑of course that the subsequent evaporation will broaden this primary mass distribution ͓7͔͒. If true, this effect would eliminate thousands of low probability channels, simplifying the study of fragmentation tremendously and benefiting all of the statistical fragmentation analyses ͓8-11͔. The steps leading to the preferred-channels conjecture will be summarized next, followed by a rigorous study of the conjecture, with conclusions presented in the end.
Experiments have shown that the logarithm of the ratio of the probability of producing N fragments, P N , to that of producing only two, P 2 , i.e., ln(P N /P 2 ), has a characteristic linear dependence on 1/ͱE, with E being the excitation energy available for the breakup. This relationship has been seen in decays of heavy systems ͑AuϩAl, V, and Cu at 60 MeV/nucleon ͓3,4͔͒ and of light systems ͑
16
O decaying into four ␣'s ͓5͔͒.
In analyzing the energy dependence, Aranda et al. ͓6͔ departed from a previous analysis ͓4͔ based on ''average'' fission barriers, and applied the generalized transition state theory ͑TST͒ for nuclear fragmentation, which uses massdependent barriers, to derive the linear relationship.
The Bohr-Wheeler approach for binary decays can be generalized for simultaneous multi-fragment fission. López and Randrup ͓9͔ considered an excited compound system with nucleon number A and energy E, and decaying into n pieces in a prompt fragmentation characterized by the masses ͕m n ͖ and positions ͕r n ͖. As shown in ͓9,12,13͔, this is a reasonable approximation near the transition state where the system can be approximated by n spherical fragments. The spatial size of the system can be quantified by the rms coordinate q, given by q 2 ϭ(1/m 0 )͚ nϭ1 N m n (r n 2 ϩ3R n 2 /5), where R n ϭr 0 A n 1/3 is the radius of the fragment n, r 0 ϭ1.2 fm, and m 0 ϭ ͚ n m n is the sum of the fragment masses.
The partial width for the decay of the system into fragments A 1 ,A 2 ,...,A n is
where (A,E) and 1,...,N ( 1,...,N 1,...,N ) are the level density of the spherical compound system, and of the system at the transition state, respectively. 1,...,N is the system's total excitation energy at the transition state, 1,...,N the corresponding temperature, and q 1,...,N the disassembly coordinate.
The quantities in the bracket ͗͘Ј are evaluated at the transition point and averaged over all fragment positions ͕r n ͖ with a fixed center-of-mass position and an overall rms extension. The rms coordinate varies for each spatial configuration, giving the system different sizes ͑or densities͒ at the PHYSICAL REVIEW C NOVEMBER 1998 VOLUME 58, NUMBER 5 PRC 58 0556-2813/98/58͑5͒/2986͑4͒/$15.00 2986 ©1998 The American Physical Society ''breakup volume,'' thus introducing an effective expansion during breakup ͓14͔. The expression for ⌫, at a difference with other studies ͓4,15͔, correctly takes into account the varying decay barriers for different partitions during the disassembly. Summing over all mass partitions, the ratio ⌫ N /⌫ 2 is readily reduced ͓6͔ to
where ͚ i indicates a sum over all partitions of multiplicity i, the primes denote the values of the N-fragment case, the B's and a's are the potential energies and level density parameters of the two systems, respectively, and Fermi-gas-type energy level densities and temperatures have been used ͓9,6͔.
As the fission barriers vary widely, the fission widths could vary accordingly, and thus some mass partitions could dominate the sum ͑as is known to happen for binary decays͒. Conjecturing that some mass partitions are preferred in the disassembly process, Aranda et al. replaced the total sum by the dominant terms only. With this, sums of ratio ͑2͒ can be eliminated to obtain
where now all the variables are those of the most probable mass partitions ͑averaged over spatial configurations͒, and Sn decaying at 3 MeV/nucleon into three fragments. These authors determined that the weight carried by a only few of the hundreds of mass partitions can in fact obscure contributions from the rest. ͑See Figs. 3 and 4 in ͓6͔.͒ We perform a thorough analysis of the fission widths of the decay of different size systems into different mass partitions at several excitation energies.
To study the distribution of the fission width as a function of system size, multiplicity, mass partitions, and excitation energy we use TST to calculate multifragment fission widths for the decay of 120 Sn and 240 Pu, at excitation energies of 3, 5, and 8 MeV/nucleon and decaying into three, four, and five heavy fragments. At a difference with Aranda et al., the configurational average in Eq. ͑1͒ was expanded to 500 spatial arrangements to obtain more robust results with steadier averages ͓16͔.
For decays into three fragments, we calculated the partial decay widths of all possible mass partitions with mass fragments 10 and larger. For decays into four and five fragments, for computational reasons, we limited our study to channels with fragments larger or equal than 10 but with sizes multiples of 5. To verify our findings with this larger mass step, a metropolis algorithm, similar in spirit to that of Ref. ͓17͔, was used to search for the 20 partitions with the largest widths.
To illustrate that a few partitions carry most of the weight for cases of different energies, Fig. 1 shows the number of mass partitions ͑as percentages͒ with weights that exceed a given percentage of the maximum one. As seen in the figure, in the decay of 120 Sn into four fragments at ⑀*ϭ3, 5, and 8 MeV/nucleon, less than 10% of all the possible partitions have widths larger than 20% of the maximum width observed. For 240 Pu we find similar results. Having a few mass partitions carrying most of the fission widths brings up the question of whether these channels are indeed representative of the thousands of low probability disassemblies. This point is of special interest if one wishes to replace the bulk of the channels by a few representative ones. Figure 2 shows the three average fragment masses obtained in the decay of 240 Pu into three fragments at the energies being considered. Shown with solid symbols are the averages obtained using all the mass partitions, and with hollow symbols those obtained using only the top 15% of the channels. The shaded areas denote one standard deviation above and below the full averages. This shows that indeed the most probable channels are a good representation of the full averages.
To further emphasize this point, Fig. 3 shows the evolution of the average fragment masses ͑now for 240 Pu decaying into five fragments͒ as a function of the percentage of mass partitions included in the average. At all excitation energies ͑solid, dashed, and dotted lines denoting ⑀*ϭ3, 5, and 8 MeV/nucleon, respectively͒, we see that the averages get very close to their full value with percentages as small as 30% or less.
The conjecture put forward by Aranda et al. appears to be justified. To summarize the results obtained from the over 0.5ϫ10 6 breakups examined in the 17 combinations of total mass, multiplicity, and energy considered, Table I lists the percentages of the top mass partitions that need to be included to obtain average fragment masses within half of a standard deviation of the full means. This table shows that between 10% and 30% of all channels carry most of the total decay width with good representation of the fragmentation process.
The multifragment barriers, absent in most statistical codes ͓8,10,11͔, seem to play a major role in selecting the disassembly channels. Modifying these codes to include these interactions could help to reduce their configuration searches, while maintaining their statistical reliability.
It should be remarked that it is only because of this fortunate reduction of decay channels that a prompt production of fragments can yield the observed linear dependence on 1/ͱE. It would be interesting to see if a sequential production of fragments with appropriate fission barriers, such as that of Gemini ͓18͔ or Lilita ͓19͔, can reproduce such a relationship. 
